Precision data are presented for the break-up reaction, 2 H( p, pp)n, within the framework of nuclear-force studies. The experiment was carried out at KVI using a polarized-proton beam of 190 MeV impinging on a liquid-deuterium target and by exploiting the detector, BINA. Some of the vector-analyzing powers are presented and compared with state-of-the-art Faddeev calculations including three-nucleon forces effect. Significant discrepancies between the data and theoretical predictions were observed for kinematical configurations which correspond to the 2 H( p, 2 He)n channel. These results are compared to the 2 H( p, d)p reaction to test the isospin sensitivity of the present three-nucleon force models. The current modeling of two and three-nucleon forces is not sufficient to describe consistently polarization data for both isospin states. Understanding the exact nature of the nuclear force is one of the long-standing questions in nuclear physics. In 1935, Yukawa successfully described the pair-wise nucleon-nucleon (NN) interaction as an exchange of a boson [1] . Current NN models are mainly based on Yukawa's idea and provide an excellent description of the high-quality database of proton-proton and neutron-proton scattering [2] and of the properties of the deuteron. However, for the simplest three-nucleon system, triton, three-body calculations employing NN forces clearly underestimate the experimental binding energies [3] , demonstrating that NN forces are not sufficient to describe the three-nucleon system accurately. Some of the discrepancies between experimental data and calculations solely based on the NN interaction can be resolved by introducing an additional three-nucleon force (3NF). Most of the current models for the 3NF are based on a refined version of Fujita-Miyazawa's 3NF model [4] , in which a 2π-exchange mechanism is incorporated by an intermediate ∆ excitation of one of the nucleons [5, 6] .
Understanding the exact nature of the nuclear force is one of the long-standing questions in nuclear physics. In 1935, Yukawa successfully described the pair-wise nucleon-nucleon (NN) interaction as an exchange of a boson [1] . Current NN models are mainly based on Yukawa's idea and provide an excellent description of the high-quality database of proton-proton and neutron-proton scattering [2] and of the properties of the deuteron. However, for the simplest three-nucleon system, triton, three-body calculations employing NN forces clearly underestimate the experimental binding energies [3] , demonstrating that NN forces are not sufficient to describe the three-nucleon system accurately. Some of the discrepancies between experimental data and calculations solely based on the NN interaction can be resolved by introducing an additional three-nucleon force (3NF). Most of the current models for the 3NF are based on a refined version of Fujita-Miyazawa's 3NF model [4] , in which a 2π-exchange mechanism is incorporated by an intermediate ∆ excitation of one of the nucleons [5, 6] .
The structure of the 3NF can be studied via a measurement of observables in three-nucleon scattering processes. More detailed information on the spin dependence of the 3NF can be obtained by measuring polarization observables such as the analyzing powers. For this, a series of * Electronic address: messchendorp@kvi.nl extensive studies of 3NF effects in elastic-scattering reactions have been performed at KVI and other laboratories. Precision measurements of the vector analyzing power of the proton in elastic proton-deuteron scattering have been performed at various beam energies ranging from 90 to 250 MeV [7, 8, 9, 10, 11] . Also, vector and tensor analyzing powers in elastic deuteron-proton scattering have been obtained at various beam energies ranging from 75 to 270 MeV [12, 13, 14, 15, 16, 17] . In these measurements, systematic discrepancies between data and theoretical predictions which rigorously solve the Faddeev equations and using only NN potentials were observed. A large part of the discrepancies were removed by adding a 3NF to the NN potentials. Nevertheless, there are still unresolved problems specially at higher energies, above 150 MeV/nucleon, which led to a request of more detailed investigations. So far, none of the existing precision calculations has produced a consistent explanation for all the experimental observables in the intermediate energy range.
Complementary to the elastic scattering experiments, three-nucleon studies have been performed exploiting the proton-deuteron break-up reaction. The phase space of the break-up channel is much richer than that of the elastic scattering. The final state of the break-up reaction is described by 5 kinematical variables, as compared to just one for the elastic scattering case. Therefore, studies of the break-up reaction offer a way of much more detailed investigations of the nuclear forces, in particular of the role of 3NF effects. Predictions show that large 3NF effects can be expected at specific kinematical regions in the break-up reaction. Results of the cross sections and tensor analyzing powers have already been published for a deuteron-beam energy of 130 MeV on a liquid-hydrogen target [15, 18, 19] . These experiments were the first ones of its type which demonstrated the feasibility of a high-precision measurement of the break-up observables and they confirmed that sizable influences of 3NF and Coulomb effects are visible in the break-up cross sections at this energy. In the last years, more data at several beam energies and other observables have been collected to provide an extensive database at intermediate energies. Here, we report on results obtained at relatively large energies.
The behavior of the 3NF effects at higher energies has been investigated via the p + d break-up reaction. The experiment was performed at KVI using a polarized proton beam with an energy of 190 MeV impinging on a liquid-deuterium target. The reaction channel has been identified using a 4π, highly symmetric detector system Big Instrument for Nuclear-polarization Analysis abbreviated as BINA [11, 20, 21] . The relatively high energy used in this experiment offered a unique chance to study 3NF effects, since their magnitude are predicted to increase with energy. In this paper, we present a set of selected analyzing power results, preceded by a brief description of the methods used in the data analysis. We focus specifically on results of the analyzing power at symmetric configurations including those with very small azimuthal opening angles. Results are compared with predictions of the modern Faddeev calculations.
The p+d reaction can lead to elastic scattering, p+d → p + d, and the break-up of a deuteron p + d → p + p + n. In the present experiment, both processes have been observed and analyzed. The differential cross section and analyzing power of the elastic channel have been measured at KVI before [7, 9] . The values of the elastic scattering cross sections evaluated from the current data agree very well with the previous measurements. The polarization of the proton beam was extracted by exploiting the cross section asymmetry of the elastic scattering reaction and by using the analyzing power from the previous measurements at KVI. These values were used in the determination of the analyzing power for the breakup channel. In addition, the elastic channel is used for the energy calibration and for monitoring of the whole setup with respect to time drifts.
Conventionally, in the p+d break-up reaction, the kinematics are determined by using the scattering angles of the two final-state protons, (θ 1 , θ 2 , φ 12 = φ 1 − φ 2 ) where θ 1 , θ 2 are the polar scattering angles of the first and second proton, respectively, and φ 12 is the azimuthal angle between the two protons. The left panel in Fig. 1 shows the correlation between the energies of the two protons for a sample geometry, namely (θ 1 , θ 2 , φ 12 ) = (28
• , 28
• , 180 • ). The expected correlation according to the relativistic kinematics for the break-up reaction, referred to as the S-curve, is shown as the solid line. The kinematical variable, S, is defined as the arc-length along this curve, starting from the minimum value of E 1 . It is customary to present the cross sections and analyzing powers as a function of the variable S. The right panel in Fig. 1 depicts a projection of the spectrum onto an axis D perpendicular to the S-curve and for a window of ±∆S. The low-energy tail corresponds predominantly to events in which one of the protons of the break-up reaction undergoes a hadronic interaction inside the plastic scintillator of BINA, thereby depositing only a fraction of its energy. The background from other sources, such as time-uncorrelated pile-up events, were found to be negligible.
The interaction of a polarized beam with an unpolarized target produces an azimuthal asymmetry in the scattering cross section. BINA has a complete azimuthal coverage and can, therefore, unambiguously determine the magnitude of the asymmetry, the polarization of the incident beam and σ ↓ , σ ↑ the 5-fold differential cross section in the case of beam polarizations pointing "down" and "up", respectively. This asymmetry corresponds to A y · cos(φ) with φ the azimuthal angle of the reaction plane, understood as the plane spanned by the momentum vectors of the beam and of the "first" emitted proton, and A y the vector analyzing power. Note that, in first order, the polarization observable, A y , does not suffer from uncertainties in detection efficiencies and acceptances, since these cancel out in the calculation of this observable. The dominant part of the systematic uncertainty stems from the polarizations p ↑ Z and p ↓ Z . The beam polarization was determined independently via asymmetry measurements of the elastic proton-proton scattering process using the in-beam polarimeter, IBP [23] and asymmetry measurements of the elastic proton-deuteron scattering using BINA. During the experiment, the proton polarization was typically 60% for p ↑ Z and p ↓ Z . Figure 2 presents results of the analyzing powers for two symmetric kinematical configurations (θ 1 , θ 2 )= (25
• , 25 • ) and (28 • , 28
• ) for three different values of φ 12 . The data are compared with calculations based on different models for the interaction dynamics as described in detail in the caption of the figure. For these configurations and observable, the effects of relativity and the Coulomb force are predicted to be small with respect to the effect of three-nucleon forces. At φ 12 =180
• , the value of A y is predicted to be completely determined by twonucleon force effects with only a very small effect of 3NFs, which is supported by the experimental data. Note, however, that the effect of 3NFs increases with decreasing of the relative azimuthal angle φ 12 , corresponding to a decrease in the relative energy between the two final-state protons. A surprising discrepancy between the measured analyzing powers and theoretical predictions can be observed at small relative azimuthal opening angles φ 12 =20
• . This configuration corresponds to a relative energy between the two protons of less than 10 MeV. Note that this deficiency even increases when including three-nucleon force effects such as the TM' potential or the implicit inclusion of the ∆ isobar by the Hannover-Lisbon theory group. The relative energy between the two protons varies as a function of S and for symmetric configurations, θ 1 = θ 2 , it reaches a very low value at the center of S of less than 1 MeV. In these cases, the two protons move very close to each other in a relative angular momentum S state with an isospin of one, which is similar to the configuration of a 2 He. The analyzing power for the corresponding reaction, 2 H( p, 2 He)n, can be compared to the analyzing power of the elastic 2 H( p, d)p reaction. In the elastic channel, the total isospin of the initial and final state is exclusively 1/2, whereas in the former case, the final state might couple to an isospin 3/2 as a consequence of the isospin violating Coulomb force. For a comparison, we extracted the analyzing power, A y , for the 2 He state at a kinematics corresponding to a value in the middle of the S-curve where the relative energy is at its minimum. Figure 3 depicts the resulting analyzing power as a function of the center-of-mass angle for the two reactions 2 H( p, 2 He)n (left panel) and 2 H( p, d)p (right panel). For the left-hand side panel, the center-of-mass angles are obtained by assuming that the pp pair with a small relative energy corresponds to one body, namely a 2 He state scattering at an angle θ 1 =θ 2 . The theory curves depicted in the right panel were obtained from calculations for the symmetric configuration of the break-up reaction, (θ 1 = θ 2 , φ 12 = 20
• ), and taken at the center of S. Note that at center-of-mass angles of less than 135
• , there is a large discrepancy between the state-of-art calculations and the experimental data for the 2 H( p, 2 He)n reaction, whereas the same calculations deviate significantly less with the analyzing power results in the 2 H( p, d)p channel at the same incident energy. The current modeling of two and three-nucleon forces is not sufficient to describe consistently polarization data for the two isospin states, which hints towards a deficiency in the spin-isospin structure of the forces. This paper presents a study of the vector analyzing power, A y , in the proton-deuteron break-up reaction with an incident proton-beam energy of 190 MeV. The data were obtained exploiting a detection system, BINA, which covers nearly the full kinematical phase space of the break-up reaction. In particular, it features a complete azimuthal coverage which provides a well-controlled measure of spin observables. The analyzing power, A y , has proven to be a unique probe to study 3NF effects, especially since the effect of the Coulomb force and relativity are expected to be small. For kinematical configurations at which the relative azimuthal opening angle between the two final-state protons is small, 3NF effects are predicted to be large. These regions in phase space can, therefore, be studied rigorously by a comparison with experimental data. Here, we concentrate on the spinisospin structure of the three-nucleon force, which can be tested by a comparison between the break-up channel mimicking the, 2 H( p, 2 He)n reaction, and the elastic scattering channel, 2 H( p, d)p. For this, we analyzed the break-up reaction at configurations at which the relative energy between the two final-state protons is at its minimum within the experimental acceptance. Strikingly, Faddeev calculations, which are based on modern two and three-nucleon potentials, fail to describe the analyzing powers in the 2 H( p, 2 He)n channel, whereas the same calculations compare well to polarization data in the analogous elastic channel. Such an inconsistency points to a deficiency in the spin-isospin structure of the description of the many-nucleon forces in the present-day state-of-the-art calculations.
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